Introduction
Viable tumor cells can frequently be recovered from the peritoneal cavity and from the portal and systemic venous circulation during colon cancer resections (1, 2) . The presence of free malignant cells is a poor prognostic factor (3, 4) , but how often these shed tumor cells cause perioperative metastasis is difficult to quantify (5) (6) (7) . Wound recurrence occurs in 0.2%-1% of cases (8) , and many patients exhibit other peritoneal spread at the time of this recurrence. Although peritoneal spreading and distant metastases identified after surgery may also reflect preoperative metastases that were too small to be detected, at least some recurrence is likely caused by the dissemination of tumor cells from the surgical procedure itself (9) .
Metastatic progression depends on the initial adhesion of shed tumor cells to surrounding tissues. Exposure to forces including extracellular pressure, turbulence, and laminar and nonlaminar shear stimulates cancer cell adhesion to matrix proteins, endothelial cell monolayers, and surgical wounds in vivo by modulating integrin binding affinity through a mechanism requiring FAK, Src, Akt, and paxillin (10) (11) (12) (13) (14) (15) . Shed tumor cells may be subjected to such forces during vascular and lymphatic transit, in the tumor microenvironment, or iatrogenically through surgical manipulation, laparoscopic insufflation, and postoperative bowel edema (16) (17) (18) (19) (20) . Cells from colon cancer lines, murine colonic adenocarcinomas, primary human colon cancers, head and neck squamous cell cancers, and breast adenocarcinomas all display similar pressure-mediated phenomena (10-12, 21, 22) .
The primary mechanosensor that activates this pathway is unclear. We postulated that the cell cytoskeleton might be a crucial component in the biochemical translation and relay of the forcedriven signals influencing cell adhesion. A preliminary in vitro study suggested that pharmacologic alterations of cytoskeletal dynamics ablates the activation of cancer cell adhesion by pressure (23) . Colchicine disrupts microtubule dynamics by irreversibly binding to tubulin dimers and preventing microtubule polymerization (24) . We therefore hypothesized that a single perioperative dose of colchicine before tumor resection might reduce tumor cell adhesiveness, wound implantation, and tumor recurrence.
We tested this hypothesis in a previously characterized murine transplantable colon cancer model using 2 different transplantable colon cancer lines, Co26 and Co51 (11, 25) . In this model, tumors are resected from donor mice, and free tumor cells are exposed to either ambient or elevated pressure conditions and placed in surgical wounds in recipient mice for 30 minutes before nonadherent cells are washed away and the wounds closed. We have previously demonstrated that a 30-minute exposure to 15 mmHg increased extracellular pressure enhances murine Co26 and Co51 adenocarcinoma cell implantation to surgical wounds by 30%-60% compared with tumor cells maintained under ambient conditions (25) . In the current study, tumor cells isolated from donor mice were initially treated with colchicine ex vivo to assess the effects of colchicine on pressure-mediated tumor cell wound implantation, peritoneal metastasis, and relevant mechanical signaling. In parallel studies, the donor mice themselves were pretreated with colchicine in vivo before tumor resection to more specifically examine whether a single systemic dose of this agent can block the pressure-activated adhesion pathway in cancers in situ. Although human cancer recurrences obviously occur in the same patients from whom the tumors have been resected, the division into donor and recipient mice allowed us to isolate the effects of colchicine pretreatment on the tumor itself from the effects of colchicine on the host tissues.
Results
Colchicine treatment inhibits pressure-stimulated tumor cell wound implantation. Consistent with our previous reports (25) , immunohistological examination of murine surgical wounds contaminated with tumor cells exposed to either ambient pressure or increased pressure demonstrated increased implantation of pressure-activated cells (Figure 1 ). After exposure to ambient pressure or 15 mmHg increased pressure, suspensions of HA-tagged murine colon tumor cells were equally dispersed over cutaneous abdominal wounds. After 30 minutes, wounds were thoroughly washed and closed with surgical staples. After 12 hours, fullthickness wounds were excised with 2-cm margins; fixed; paraffin embedded; sectioned to include epidermal, dermal, and muscular layers; and stained with anti-HA antibody to identify the tumor cells. Tumor cell implantation increased by 84% ± 12% (n = 6, P < 0.01) in 6 random fields of 6 wounds exposed to pressuretreated tumor cells compared with those contaminated with cells maintained under ambient conditions.
We asked whether pressure-induced murine tumor cell wound implantation was sensitive to pretreatment with colchicine. Co26 and Co51 tumor cell suspensions were labeled with radioactive 51 Cr, pretreated with 10 μM colchicine or DMSO, and exposed to ambient or increased pressure. Equal aliquots of cell suspension were placed in murine groin incisions for 30 minutes before the wounds were vigorously washed and excised. Relative radioactivity of the excised wounds was used to quantify cell implantation ( Figure 2 ). Preexposure to 15 mmHg increased pressure enhanced DMSO-treated Co26 and Co51 cell adhesion to murine wounds by 58% ± 24% (n = 15, P < 0.03) and 55% ± 21% (n = 12, P < 0.04), respectively, compared with the same cells under ambient pressure. In contrast, pressure did not alter wound implantation of colchicine-treated cells in either cell line.
To determine whether the inhibition of pressure-stimulated wound implantation by colchicine reflected microtubule disruption or some potential nonspecific effect unique to colchicine, we further assessed tumor cell wound implantation after pretreatment with 2 alternate microtubule-perturbing agents, vinblastine and rhizoxin, each targeting a different region of tubulin (26) . Although these alternate microtubule inhibitors caused moderate differences in basal adhesion, pretreatment with vinblastine and rhizoxin abolished all pressure-mediated effects on Co26 and Co51 wound implantation, similar to the effects of colchicine pretreatment (Figure 2) .
Colchicine inhibits pressure-induced peritoneal metastasis. Tumor cells shed during abdominal cancer surgery pose a risk not only for wound site implantation, but also for peritoneal metastasis. We therefore evaluated the effect of colchicine on pressure-induced tumor implantation in the peritoneal cavity ( Figure 3 ). Murine CT26.WT cells, clones originally derived from the Co26 tumor line, were stably transfected with plasmid DNA encoding the luciferase enzyme (CT26.luc cells). CT26.luc cells were pretreated with colchicine or DMSO and exposed to either ambient pressure or increased pressure. The cells were then placed in the open peritoneal cavities of anesthetized mice. After 30 minutes, nonadherent cells were removed by thorough irrigation, and the abdomens were closed. At 10 days after surgery, mice were assessed for relative peritoneal spread and tumor burden through measurement of luciferase activity by bioluminescence. Mice exposed to pressure-activated CT26.luc cells displayed a tumor burden 49% ± 19% larger (n = 8, P < 0.05) than that of mice treated with CT26.luc cells maintained under ambient pressure. As we observed in our above-described wound implantation studies, colchicine pretreatment completely blocked pressure-stimulated peritoneal metastasis.
Colchicine inhibits pressure-stimulated phosphorylation of FAK and Akt, but not of Src and paxillin. We next evaluated the impact of colchicine treatment on pressure-stimulated phosphorylation of FAK, Src, Akt, and paxillin in Co26 tumor cells (Figure 4) . Consistent with phosphorylation trends in human colon cancer lines, pressure stimulated a 28% ± 7% increase in FAK Y397 phosphorylation and a 26% ± 6% increase in FAK Y576 phosphorylation (n = 8, P < 0.04 for both; Figure 4 , A and B). Pressure also induced a 29% ± 8% (n = 8, P < 0.05) increase in Src Y416 phosphorylation and a 28% ± 6% Ex vivo Co26 treatment with 10 μM colchicine completely blocked pressure-induced phosphorylation of FAK Y397 and FAK Y576 residues. Pressure-stimulated Akt S473 phosphorylation was similarly inhibited. In contrast to FAK and Akt phosphorylation, Src Y416 phosphorylation increased in response to pressure despite colchicine pretreatment (33% ± 9%; n = 8, P < 0.05). Interestingly, treatment with colchicine increased basal paxillin Y31 phosphorylation by 24% ± 6% (n = 12, P < 0.05) and failed to block a further 11% ± 9% increase in phosphorylation in response to pressure.
Pressure promotes tumor cell adhesion through a mechanical signaling pathway in which FAK is both upstream and downstream of Akt. Because colchicine blocked pressure-induced FAK and Akt phosphorylation, we sought to further elucidate the role of FAK and Akt in this pathway to illuminate the mechanism of action of colchicine. We assessed pressure-stimulated CT26.WT cell adhesion to collagen I after pharmacologic inhibition of Akt and siRNA-mediated reduction of FAK. We further assessed whether expression of constitutively active myristoylated Akt (CT26.myr-Akt) could rescue cells from the inhibitory effects of colchicine ( Figure 5A ). Consistent with our results described above, a 30-minute exposure to elevated pressure increased CT26.WT cell adhesion by 32% ± 9% (n = 12, P < 0.01) compared with cells under ambient pressure conditions. Pretreatment with colchicine blocked the effect. Functional inhibition of Akt using Akt Inhibitor VII (27) significantly reduced basal cell adhesion by 45% ± 14% (n = 12, P < 0.02) and abolished any pressure-mediated effect. Likewise, basal levels of adhesion were reduced 39% ± 7% (n = 12, P < 0.01) by siRNA-mediated reduction of FAK, and no pressure effect was observed. Stably transfected CT26.myr-Akt cells adhered to collagen I 35% ± 6% more than did CT26.WT controls. CT26.myr-Akt cell adhesion was further increased by 16% ± 4% (n = 12, P < 0.05) under elevated pressure. Interestingly, colchicine failed to block pressure-stimulated adhesion (19% ± 7% increase; n = 12, P < 0.05) in cells expressing myristoylated Akt, whereas CT26.myrAkt cell transfection with FAK-specific siRNA inhibited this effect.
Figure 2
Effect of colchicine on pressure-mediated tumor cell wound implantation. 51 Cr-labeled Co26 (A) and Co51 (B) tumor cells were pretreated with 10 μM colchicine, 10 μM vinblastine, 10 μM rhizoxin, or DMSO and exposed to either ambient pressure or 15 mmHg increased pressure and assessed for adhesion to murine surgical wounds. Tumor cell implantation was determined by the acquired radioactive cpm of surgical wounds after 30 minutes. Experiments were performed in a paired fashion, and data are graphically expressed as mean ± SEM. *P < 0.05 compared with respective ambient pressure control.
Figure 3
Effect of colchicine on pressure-induced i.p. metastasis. CT26.luc cells were pretreated with 10 μM colchicine or DMSO and exposed to either ambient pressure or 15 mmHg increased pressure. Tumor cell suspensions were dispersed throughout the peritoneal cavity, and nonadherent cells were washed away after 30 minutes. Relative i.p. metastasis was determined by CT26.luc bioluminescence 10 days after surgery. Bioluminescence images were pseudocolored (pink, least intense; red, most intense) and quantified for mean intensity over a fixed area. Calculated values were expressed as RLU per minute. Experiments were performed in a paired fashion, and data are graphically expressed as mean ± SEM. *P < 0.05 compared with respective ambient pressure control.
We assessed Akt S473 and FAK Y397 phosphorylation under these conditions in parallel ( Figure 5 , B and C). Consistent with the parental Co26 tumor line, pressure increased Akt S473 phosphorylation by 36% ± 9% (n = 9, P < 0.03) and FAK Y397 phosphorylation by 25% ± 6% (n = 9, P < 0.05) in CT26.WT cells. Colchicine inhibited these effects. As expected, pretreatment with 50 μM Akt Inhibitor VII reduced basal Akt S473 phosphorylation by 62% ± 9% (n = 9, P < 0.02) and similarly blocked Akt phosphorylation under pressure. Inhibition of Akt modestly affected basal levels of FAK phosphorylation, but completely blocked increased FAK Y397 phosphorylation under pressure. FAK reduction by siRNA also disrupted pressure-induced Akt phosphorylation. CT26.myr-Akt cells displayed a 2-fold increase in Akt S473 phosphorylation compared with CT26.WT cells. A significant increase in pressure-stimulated Akt phosphorylation was not discernible in these cells as a result of the extreme elevation in basal Akt phosphorylation. Of note, Akt phosphorylation in CT26.myr-Akt cells was modestly affected by colchicine and remained above levels found in pressure-treated CT26.WT cells. Furthermore, expression of myristoylated Akt rescued pressure-induced FAK Y397 phosphorylation (24% ± 8%; n = 9, P < 0.05) following treatment with colchicine.
Perioperative in vivo administration of colchicine inhibits pressure-stimulated tumor cell signaling and wound implantation with efficacy similar to that of to ex vivo treatments. To strengthen the clinical relevance of these findings, we administered colchicine to donor mice with tumors preoperatively rather than adding the drug to the isolated cells ex vivo to mimic a potential preoperative prophylactic dosing. Colchicine (2 mg/kg i.p.) was injected into tumor-bearing donor mice 12 hours before tumor resection. Co26 cells were then isolated from the tumor, exposed to either ambient pressure or increased pressure, and were reexamined to determine their capacity to adhere to surgical wounds in recipient mice as well as relevant mechanical signaling trends. Consistent with our observations described above, DMSO-treated Co26 cells displayed a 41% ± 18% increase in wound implantation under elevated pressure conditions (n = 10, P < 0.05; Figure 6A ). In vivo colchicine administration blocked this effect. Pressure increased FAK Y397, FAK Y576, and Akt S473 phosphorylation by 30% ± 9% (P < 0.05),
Figure 4
Effect of ex vivo colchicine treatment on pressure-activated FAK, Src, Akt, and paxillin phosphorylation. Suspended Co26 tumor cells were treated ex vivo with either 10 μM colchicine or DMSO vehicle control. Untreated Co26 cells (Control) were used as an additional control against DMSO. Cells were exposed to either ambient pressure or 15 mmHg increased pressure, lysed, and assessed by Western blot for FAK, Src, Akt, and paxillin phosphorylation. Shown are the effects of colchicine on pressure-stimulated FAK Y397 (A), FAK Y576 (B), Src Y416 (C), Akt S473 (D), and paxillin Y31 (E) phosphorylation. Data from individual experiments were normalized to respective untreated controls exposed to ambient pressure and are graphically expressed as mean ± SEM. *P < 0.05 compared with respective ambient pressure control. # P < 0.05 compared with untreated ambient pressure control.
34% ± 7% (P < 0.03), and 31% ± 8% (P < 0.05), respectively, in tumor cells isolated from DMSO-treated mice (n = 8 for each; Figure 6 , B-D). In vivo colchicine administration inhibited pressureinduced FAK and Akt phosphorylation.
Perioperative colchicine administration antagonizes the negative impact of increased pressure on murine tumor-free survival. Although we had previously demonstrated that increased extracellular pressure can stimulate tumor cell adhesion to surgical wounds (25) , it remained unknown whether the observed pressure-mediated increases in the number of cells adhering to these wounds would directly affect murine tumor development or tumor-free survival. As in the wound implantation studies, Co26 and Co51 tumor cells were isolated from tumor-bearing donor mice. After exposure to either ambient pressure or increased pressure, equal aliquots of tumor cell suspension were placed in surgical incisions in anesthetized mice. After 30 minutes, the wounds were thoroughly washed and closed. Mice were examined daily for palpable tumors, and growth was charted until a total tumor burden of 100 mg was reached ( Figure 7 ). Of the control mice, 52% of Co26 and 44% of Co51 developed tumors. On average, palpable tumors were observed by 20 days in both Co26 and Co51 control groups, and a 100-mg tumor burden was reached by days 34 and 33, respectively. The 100-mg tumor burden was predetermined as a final end point in consultation with our veterinarians based upon animal welfare considerations. Tumors developed in 72% of the mice exposed to pressure-activated Co26 cells. Similarly, 68% of mice exposed to pressure-activated Co51 cells developed tumors. The average tumor-free survival in Co26 and Co51 pressure-activated groups were reduced to 17 and 18 days, respectively, and maximal tumor burden was reached by 27 and 26 days, respectively. The log-rank statistic for the plot of time to palpable tumor suggests the difference in curves between control and pressure groups is statistically significant in each case (n = 25, P < 0.05; Figure 7 , A and C). The curves depicting average time to develop a 100-mg tumor burden correlated with the time to palpable tumor and were similarly deemed to be significantly different between ambient pressure and increased pressure groups for mice exposed to either Co26 or Co51 tumor cells (n = 25, P < 0.05; Figure 7 , B and D).
We examined the effect of colchicine on murine tumor-free survival in parallel. Colchicine was preoperatively administered to the donor mice by i.p. injection 12 hours before tumor resection. Tumors developed in 56% of the colchicine-treated Co26 control mice and 44% of the colchicine-treated Co51 control mice. Palpable Co26 and Co51 tumors were observed on average at 23 and 25 days, respectively, and a 100-mg tumor burden was reached by days 39 and 42, respectively. No significant difference was found between the survival curves of DMSO-and colchicine-treated control mice. Consistent with our wound implantation data, only 48% and 32% of the mice exposed to colchicine-treated pressureactivated Co26 and Co51 cells developed tumors. The mean Co26 and Co51 tumor-free survival was 26 and 23 days, respectively, and maximum tumor burden was reached by 37 and 40 days, respectively. Differences between colchicine-treated cells exposed to ambient and increased pressure were not significant. However, the differences between the curves for DMSO-and colchicine-treated pressure-activated cells for both time to palpable tumor and time to 100-mg tumor burden were found to be statistically significant by log-rank analysis (n = 25, P < 0.04 for each).
Colchicine-mediated effects on tumor development and survival are indicative of reduced tumor cell implantation, not altered proliferation or cytotoxicity. Finally, we sought to address whether the altered rates of tumor development observed between experimental groups reflect only differences in cell adhesiveness during the surgical procedure or might also be influenced by colchicine's antimitotic effects. As in our survival studies, tumor-bearing donor mice were preoperatively treated with colchicine 12 hours before tumor resection. We first assessed in vivo BrdU incorporation in the Co26 tumors. For these studies, rather than resecting the tumors 12 hours after colchicine treatment, we then injected mice with 2 mg BrdU i.p. and assessed them for BrdU uptake after an additional 12 hours by flow cytometric analysis of Co26 cell suspensions. BrdU incorporation was similarly assessed after 96 hours. Short-term BrdU incorporation was reduced by 21% ± 6% in Co26 tumors treated with colchicine versus those treated with DMSO (n = 3, P < 0.05; Figure 8A ). However, by 96 hours, BrdU incorporation was indistinguishable between DMSO-and colchicine-treated cells. We confirmed that colchicine had no long-term effects on tumor growth by preparing histological sections of tumors 20 days after initiation and staining for proliferative cell nuclear antigen (PCNA). We calculated the proliferative index as the percentage of PCNA-positive cells. No significant differences were noted between cells treated with DMSO or with colchicine under ambient pressure or increased pressure (n = 3; Figure  8B ). To reconcile the differences between our short-and long-term observations, we further assessed Co26 cell proliferation from 24 to 96 hours after colchicine administration. After tumor cell isolation, cell suspensions were exposed to either ambient or increased pressure conditions for 30 minutes. Co26 cells were then lightly seeded and assessed for rates of proliferation by the colorimetric reduction of 3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) over 24-hour increments (n = 6; Figure 8C ). The tumor cells proliferated more slowly for 48 hours after colchicine treatment. However, by 72 hours, proliferation was nearly identical between DMSO-and colchicine-treated cells. The ambient pressure and increased pressure groups did not differ significantly.
We further assessed the effects of pressure and colchicine on Co26 cell invasion to rule out potential differences in tumor invasiveness as a confounding variable in our survival studies. We assessed the invasion of isolated Co26 cells 24 hours after seeding on collagen I-coated membranes in simplified Boyden chambers. The Co26 cells were modestly invasive: 8% ± 1% (n = 3) of DMSOtreated control cells migrated through the matrix. Moreover, pressure did not affect invasion. At 24 hours after pretreatment with colchicine, cell invasion was reduced by approximately 2%. No differences were observed between DMSO-and colchicine-treated Co26 cells after 96 hours (data not shown).
Discussion
The stimulation of cancer cell adhesion by extracellular pressure is both relevant to our understanding of tumor metastasis and important as a paradigm for mechanotransduction and inside-out signaling. Our present results demonstrate that pressure activation of malignant cells has a biological effect on tumor development and tumor-free survival in an animal model. In addition, our findings suggest that pharmacologic intervention may prevent this effect and reduce tumor recurrence. Finally, our results lend further support to the notion of the microtubule cytoskeleton as a crucial upstream mechanosensor in the activation of this signaling pathway.
The ability of relatively modest physical forces to profoundly alter cell biology has been well described in a variety of cell types and in response to different forces (28) (29) (30) (31) . How these forces initiate such responses without a classical ligand-receptor interaction is less clear. In various settings, stretch-activated ion channels, mechanosensitive membrane-associated enzymes, distortion of cytoskeletal filaments, and integrin-ECM interactions may all relay mechanical signals (32-36). Ingber's cellular tensegrity model, in which physical distortion of the cytoskeleton transfers mechanical loads through actin-and microtubule-associated molecules to initiate intracellular signaling, is consistent with the ability of colchicine to disrupt pressure-induced signals in our murine tumor model (37, 38) .
Indeed, colchicine may exert 2 different effects on wound recurrence. Pretreatment of tumor-bearing mice with colchicine transiently inhibited tumor cell proliferation and modestly inhibited invasiveness independent of pressure. The antimitogenic effect was
Figure 7
Effect of preoperative colchicine administration on murine tumor development and survival following exposure to increased pressure. Murine tumor development and survival were assessed after surgical wound contamination with Co26 and Co51 tumor cell suspensions preoperatively treated with either colchicine or DMSO and exposed to ambient pressure or 15 mmHg increased pressure. Kaplan-Meier graphs depict (A and C) the incidence of palpable tumor development over time and (B and D) the incidence of tumors reaching 100 mg over time in Co26 (A and B) and Co51 (C and D) mice. The survival data were analyzed by log-rank test. *P < 0.05 compared with DMSO-treated ambient pressure control.
no longer detectable after 72 hours, and the anti-invasive effect is likely equally transient. This may explain the apparent tendency toward a 2-to 3-day lag in tumor development in mice exposed to colchicine-treated tumor cells in the absence of pressure compared with mice exposed to vehicle-treated tumor cells. Tumor proliferation was not altered by 30 minutes of pressure, consistent with our previous observation that 4.5 hours of pressure are required to stimulate proliferation in vitro (39) . However, although pressure did not affect proliferation or invasion, colchicine nevertheless blocked the pressure effect on tumor development, consistent with our observations that colchicine blocked pressure-stimulated cell adhesion and associated pressure-activated signaling. This effect appeared independent of any effect of colchicine on proliferation or invasion and, in contrast to the antimitogenic effect, was reflected in an absolute and stable difference in tumor-free survival in this model, rather than the transient delay in tumor development that may be attributed to the antiproliferative and/or anti-invasive effect.
Consistent with previous observations in human colon cancer cell lines (13, 23) , reducing FAK or inhibiting Akt blocked pressure-stimulated CT26.WT cell adhesion. The inhibition of pressure-induced FAK and Akt activation by preoperative colchicine suggests that a dynamic cytoskeleton is required for tumor cells to respond to extracellular pressure changes. The observation that siRNA-mediated FAK reduction inhibited pressure-stimulated Akt S473 phosphorylation, whereas Akt inhibition blocked pressurestimulated FAK Y397 phosphorylation, suggests that the relationship between FAK and Akt in this pathway is bidirectional. Previous studies demonstrated that Akt activation was required for FAK and Akt localization to the membrane as well as FAK-β 1 -integrin interaction under elevated pressure conditions (13, 40) . Myristoylated Akt expression rescued colchicine-mediated inhibition of FAK, yet FAK reduction blocked pressure-stimulated adhesion in CT26.myr-Akt cells. Taken together, these observations suggest that the cell cytoskeleton may relay pressure-induced signals through FAK upstream of Akt, and that FAK-dependent Akt activation is subsequently required for the maintenance of membrane-localized FAK activity critical for integrin activation and cell adhesion ( Figure 9 ).
Although pressure-activated paxillin phosphorylation appears impervious to cytoskeletal perturbation, treating aortic endothelial cells with colchicine or paclitaxel increases paxillin tyrosine phosphorylation, which correlates with paxillin translocation away from focal adhesions into the cytoplasm (41) . Thus, without more detailed investigation of the subcellular localization of paxillin in this setting, it is difficult to assess whether the observed elevation in paxillin phosphorylation following treatment with colchicine is functionally relevant.
In contrast to FAK and Akt, pressure-mediated Src activation has consistently proven cytoskeleton independent (23, 42 ). In the current study, colchicine similarly failed to block pressure-stimulated Src Y416 phosphorylation. Whether mechanical activation of Src is mediated by stretch-activated ion channels or some alternate pressure-sensitive molecule requires further study. We therefore cannot rule out a potential alternate or upstream mechanosensor separate from the cytoskeleton. Blockade of stretch-activated ion channels in rat chondrosarcoma cells can induce cytoskeletal reorganization without other stimuli (43) . However, disruption of actin microfilaments or microtubules in renal epithelial cells eliminates shear stress-induced increases in intracellular calcium by inhibiting mechanosensitive ion channels (44) . Regardless of the absolute primacy of the cytoskeleton or some other molecule in the sensation and relay of pressure-derived signals, microtubule disruption by colchicine appears sufficient to inhibit pressuremediated functional effects on cell adhesion. The differences between this murine model and human colon cancer resection are multiple and manifest. To increase the power of our study with a realistic sample size, we specifically titered the number of tumor cells seeded per mouse to dramatically increase tumor recurrence over that observed after human colectomy for cancer. The actual baseline incidence of clinically significant tumor recurrence in surgical wounds is much lower, and it is impossible to reliably estimate the fraction of postoperative distant metastasis that reflects perioperative tumor dissemination. However, any reduction in the incidence of wound recurrence or distant dissemination would clearly be desirable. Prophylactic antibiotics are used to inhibit surgical wound infections after elective colectomy. Wound infections may occur an order of magnitude more frequently than isolated wound recurrences (45), but also have far less impact on long-term survival. Whether colchicine pretreatment or some other intervention directed at the pressure-stimulated signaling pathway regulating cancer cell adhesion could also reduce perioperative tumor adhesion and metastasis via the lymphatics and portal venous system awaits further study.
The parenteral colchicine dose used herein was consistent with colchicine dosing in other murine studies (46) (47) (48) , but higher than that used to treat gout in humans. However, a single dose is likely to be better tolerated than repeated dosing over many days. Further studies would be required to determine how colchicine pharmacokinetics in humans compare with those in mice, the effect of treating recipient mice with colchicine, whether a lower colchicine dose similarly reduces tumor cell adhesion, and whether humans can tolerate a single preoperative dose of the magnitude used in the present study. Although chronic colchicine therapy can inhibit the healing of fractures, corneal epithelium, gastric mucosa, and contracting skin wounds (49) (50) (51) (52) , such effects from a single preoperative dose of colchicine are less likely, because most postsurgical wound healing would occur after the single dose of colchicine had been metabolized. Alternatively, other agents might target this adhesion-stimulating pathway.
Despite the relative rarity of wound recurrence, many other measures are proposed in human surgery to avoid wound recurrence of resected tumors. These include refined technique, mechanical irrigation, port site and intra-abdominal chemotherapy, and even the secondary excision of laparoscopic trocar wounds themselves (1, (53) (54) (55) . Unfortunately, little data support the efficacy of many such interventions. Dilute calcium chloride can also reduce tumor adhesion to murine surgical wounds and improve tumor-free survival (11) . Divalent calcium ions can compete with magnesium in wound fluid for binding to an extracellular integrin divalent cation binding site that regulates integrin binding affinity, but calcium does not affect the intracellular force-activated pathway by which cancer cells regulate their own adhesion. A localized calcium wash would also not be expected to have any impact on vascular or lymphatic tumor dissemination. Whether colchicine and calcium could therefore synergistically reduce wound recurrence remains to be determined.
In summary, our present results suggest the possibility that cytoskeletal perturbation, whether by colchicine or by some other agent, can alter the responsiveness of malignant cells to external forces, reducing activation of FAK and Akt, inhibiting the subsequent adhesion of shed tumor cells, and enhancing tumor-free survival. Because epithelial tumor cells of other types, including breast (22) and head and neck (21) , also increase adhesion in response to elevated extracellular pressure, our results may also have implications for malignancies other than colon cancer.
Methods
Mice. BALB/c mice were used for tumor propagation, implantation, and survival studies. Animal procedures were conducted with approval of the Wayne State University Animal Investigation Committee and the John D. Dingell VA Medical Center Research and Development Committee.
Tumor propagation and isolation of murine colon cancer cells. Co26 and Co51, transplantable murine colon adenocarcinomas (56) , were passed in BALB/c mice by sterile subcutaneous injection. Mice were euthanized when tumors reached 1,000 mg. Tumors were excised sterilely from the abdominal wall, washed in PBS, finely minced in DMEM, and digested in DMEM containing 0.15% type IV collagenase at 37°C for 1 hour, or until a single cell suspension was achieved. The cells were again washed and resuspended in DMEM containing 5% FBS as previously described (25) . After isolation, Co26 and Co51 viability was assessed by trypan blue exclusion, and cells were directly used for experimentation.
CT26.WT cells, clones of the parental Co26 line, were purchased from ATCC, maintained at 37°C, 5% CO2, and grown in RPMI-1640 with 2 mM l-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 4.5 g/l glucose, 1.5 g/l NaHCO3, and 10% FBS. CT26.luc and CT26.myr-Akt stable transfectants were cultured with 600 μg/ml geneticin (Invitrogen).
Transfection. Cells were transfected with 50 nM double-stranded siRNA directed toward the murine mRNA target 5′-GGAAAUAUGAGUUGAGA-AU-3′ (Dharmacon) for FAK reduction. Dharmacon siCONTROL Non-Targeting siRNA no. 1 served as a control. siRNAs were introduced with Oligofectamine according to the manufacturer's protocol (Invitrogen). Cell transfectants were used for adhesion experiments after 48 hours.
Stable expression of luciferase by CT26.WT cells was achieved by cotransfection with the pGL3 luciferase reporter plasmid (Promega) and pcDNA3.1 (Invitrogen) for antibiotic resistance. CT26.WT cell transfection with pcDNA3.1 myr-Akt1 (Addgene) was used for stable expression of myristoylated Akt. Plasmids were introduced using Lipofectamine 2000
Figure 9
Working model of the intracellular signaling mechanism by which pressure stimulates tumor cell adhesion. Increased extracellular pressure appears to activate FAK through a complex dual pathway requiring an intact cytoskeleton and paxillin as well as cytoskeleton-independent activation of Src and PI3K. FAK is activated through phosphorylation at its Y397 and Y576 residues and in turn supports pressure-induced Akt S473 phosphorylation. Phosphorylated FAK localizes to β1-integrin heterodimers in an Akt-dependent manner, resulting in integrin activation and increased substrate binding affinity.
(Invitrogen) per the manufacturer's protocol. Stable CT26.luc and CT26. myr-Akt clones were selected using geneticin.
Pressure regulation. Pressure was controlled using an airtight Lucite box with an inlet valve for gas application and an outlet valve connected to a manometer (10) . The box was prewarmed to 37°C to prevent internal temperature and pressure fluctuations. Temperature was maintained within 2°C, and pressure maintained within 1.5 mmHg, of desired levels.
In vitro cell adhesion assay. Suspended cells were allowed to adhere to collagen I-coated 6-well plates (10 5 cells/well) for 30 minutes at 37°C under ambient or 15 mmHg increased pressure conditions. After 30 minutes, nonadherent cells were gently washed away with warm PBS, and adherent cells were formalin fixed, hematoxylin stained, and counted in at least 20 random high-power fields per well using an inverted microscope (10) . Cell suspensions were pretreated for 30 minutes with 10 μM colchicine (Sigma-Aldrich), 50 μM Akt Inhibitor VII (Calbiochem), or DMSO vehicle control, and treatment was maintained during adhesion studies.
Wound implantation studies. Bilateral 2-cm groin incisions were made in mice anesthetized i.p. with 60 mg/kg pentobarbital. A 100-μl suspension of 10 5 51 Cr-labeled tumor cells maintained under either ambient pressure or increased pressure was applied to each wound. The fluid was aspirated after 30 minutes, and the wounds were gently washed with PBS to remove nonadherent cells. In nonsurvival studies, the mice were euthanized after wound irrigation, and the wounds were excised immediately to quantify tumor adhesion by radioactivity in the excised tissue using an automated scintillation counter. In parallel survival studies using unlabeled cells, the wounds were closed after irrigation, and the animals were followed for 90 days for tumor development. The mice were monitored daily and sacrificed when tumors reached 100 mg. We measured the time to first palpable tumor and the time to achieve a 100-mg tumor. Tumors were measured 5 times per week, and mass in milligrams was estimated from 2-dimensional measurements calculated as follows: (a × b 2 )/2, where a and b represent tumor length and width, respectively, in millimeters (57) . Tumor cells were treated with 10 μM colchicine, 10 μM vinblastine, or 10 μM rhizoxin (Sigma-Aldrich) ex vivo 30 minutes before and for 30 minutes during implantation experiments or in vivo by 2 mg/kg i.p. colchicine injection of donor mice 12 hours before tumor resection. DMSO was used as a vehicle control.
Bioluminescent imaging of peritoneal metastases. One-inch abdominal incisions were made in mice anesthetized i.p. with 60 mg/kg pentobarbital. A 100-μl suspension of 10 6 CT26.luc tumor cells treated with 10 μM colchicine or DMSO and maintained under either ambient pressure or increased pressure was dispersed in the peritoneal cavity of each mouse. After 30 minutes, the abdominal cavities were thoroughly irrigated with PBS, and the excess fluid was aspirated to remove nonadherent cells. The abdominal wounds were then closed with sutures. After 10 days, mice were reanesthetized i.p. with 60 mg/kg pentobarbital and administered 150 mg/kg d-luciferin i.p. (BD Biosciences). After 10 minutes, mice were assessed for relative CT26.luc tumor bioluminescence using a Kodak IS4000MM small animal imaging device (Kodak) over 10 minutes. Exposure conditions (time, aperture, stage position, binning, and time after injection) were constant for all measurements. Bioluminescence intensity images were pseudocolored (pink, least intense; red, most intense) and quantified using MetaMorph software (version 7.0; Molecular Devices). A fixed region of interest was defined for all measurements for quantification of average image intensity. Calculated values were expressed as RLU per minute.
Western blotting. Suspended (nonadherent) cells were subjected to ambient pressure or increased pressure for 30 minutes in bacteriologic plastic dishes pretreated with 1% heat-inactivated bovine serum albumin to block cell adhesion. Cells were collected and lysed as previously described (42) . Cell lysate protein concentrations were determined by BCA protein assay (Pierce). Equal protein aliquots were resolved by SDS-PAGE and transferred to Hybond ECL nitrocellulose membrane (GE Healthcare). Mouse monoclonal antibodies to total FAK (clone 4.47; Upstate), total Src (clone L4A1; Cell Signaling), total Akt (Cell Signaling), and total paxillin (BD Biosciences -Transduction Laboratories) as well as rabbit polyclonal antibodies to phosphorylated FAK Y397 and Y576 (BD BiosciencesTransduction Laboratories), phosphorylated paxillin Y31 (BD Biosciences -Transduction Laboratories), phosphorylated Src Y416 (Cell Signaling), and phosphorylated Akt S473 (Cell Signaling) -coupled with appropriate horseradish peroxidase-conjugated secondary antibodies (Cell Signaling) -were used for immunodetection of blotted proteins. Bands were detected with enhanced chemiluminescence (GE Healthcare) using a Kodak Image Station 440CF (Perkin Elmer).
MTT cell proliferation assay. Isolated tumor cells were seeded at 10 4 cells/ well on collagen I-coated 96-well plates. Proliferation was assessed by colorimetric analysis of MTT (ATCC) reduction every 24 hours. Absorbance values were obtained at a wavelength of 570 nm by spectrophotometer.
BrdU incorporation. In vivo tumor BrdU incorporation was assessed by i.p. injection of 2 mg BrdU 12 hours before tumor resection. Isolated tumor cell suspensions were fixed, permeabilized, and stained with a fluorochrome-conjugated anti-BrdU antibody according to the manufacturer's protocol (BD Biosciences -Pharmingen). BrdU incorporation was determined by flow cytometric analysis using a FACSCalibur flow cytometer (BD Biosciences) and WinMDI software (version 2.9; http:// facs.scripps.edu/software.html).
Immunohistochemistry. Full-thickness surgical wounds were excised 12 hours after exposure to HA-expressing CT26 tumor cells, fixed in 10% formalin for 24 hours, and embedded in paraffin. Sections of 5 μm through the wound were placed on slides, deparaffinized, rehydrated, and analyzed by immunohistochemistry with anti-HA antibody (clone 6E2; Cell Signaling) followed by Vectastain Universal ABC kit (Vector Labs). Histological sections of Co26 tumors 20 days after implantation were similarly prepared. Proliferating cells were detected using a Proliferating Cell Nuclear Antigen kit (Zymed). Sections were counterstained with hematoxylin for histological orientation and photographed on a Nikon Microphot-FXA.
Cell invasion assay. Isolated tumor cells were assessed for their ability to migrate through a collagen I-coated membrane over a 24-hour time period in a simplified Boyden chamber per the manufacturer's protocol (Trevigen). Briefly, tumor cells were seeded in growth medium containing 10% FBS, and bottom chambers were filled with serum-free medium. After 24 hours, invasive cells were stained with Calcein AM and detected by a fluorescent plate reader.
Statistics. Data represent mean ± SEM and were analyzed by paired Student's t test, Wilcoxon matched-pairs signed-ranks, or log-rank test as appropriate. The Sidak correction was used for multiple comparisons (58) . The desired level of statistical significance was set a priori as 95% confidence.
